ABSTRACT: Knowledge of extracellular matrix molecules and their cell receptors has increased exponentially during the last 2 decades. It is now known that the structure and function of each tissue is based on specific combinations of matrix molecules. The major constituents of the extracellular matrix are collagens, proteoglycans, and adhesive glycoproteins. The rapid development of biochemical, molecular biological, and immunological research has revealed a lot of interesting details pertaining to these molecules. Several new collagen types have been discovered. In addition to being responsible for the strength and form of tissues, each collagen type has specific sequences providing them with special features such as flexibility and the ability to interact with other matrix molecules and cells. Proteoglycans are another large group of matrix molecules with a variety of functions. Proteoglycans play an important role in tissue resilience and filtering. Some proteoglycans have a capacity to specifically bind other matrix molecules and growth factors, while others act as matrix receptors on the cell
INTRODUCTION
has a unique structure that forms the basis of its specific function. Gingiva is covered by an epPeriodontium consists of gingiva, periodonithelium that is orthokeratinized or parakeratintal ligament, root cementum, and alveolar bone ized in the oral and sulcular regions, and non-( Figure 1 ). These tissues attach teeth to jaws, keratinized in the area that is attached to the tooth support teeth, and serve as a defense against the surface. This part of the gingival epithelium, forces created by mastication and constant attack termed junctional epithelium, is composed of 2 by oral microorganisms. Each periodontal tissue to 20 layers of loosely arranged cells. Its . The basic structure of the periodontium. The collagenous fibers of periodontal ligament, the main attachment apparatus of teeth, are inserted to root cementum and alveolar bone surrounding the teeth. The bulk of gingiva consists of dense connective tissue. Gingiva is covered with keratinized epithelium in the area exposed to the oral cavity. In the crevicular area, the epithelium attached to the tooth surface (unctional epithelium) is unkeratinized, consisting of loosely arranged cells that have a fast turnover rate.
tively high permeability allows leukocytes and plasma-derived substances to penetrate through the epithelium to the oral cavity."2 Conversely, microbes and their products also gain access from the sulcular region of gingiva to junctional epithelium, and further to subepithelial connective tissue, and there initiate the pathophysiological processes of periodontal diseases. In light of present knowledge, it seems possible that junctional epithelium activated during infection has a crucial role in the initiation and progression of periodontitis in which one of the central features is proliferation of junctional epithelium and, consequently, formation of gingival pocket.3'4 Subepithelial gingiva and periodontal ligament are dense connective tissues formed primarily of thick collagen fiber bundles that are functionally oriented to attach and support the teeth. The main structural cell type of these tissues is fibroblast. In alveolar bone and root cementum specialized cells, osteoblasts and cementoblasts lay down the matrix, of which over 90% of its organic constituents are collagens. During periodontal diseases massive degradation of the collagenous matrix takes place, leading to loss of the tooth support.5
In order to understand the structure and function of periodontium in health and disease, it is imperative to have a sound knowledge of the biology of each periodontal tissue. Recent advances in cell biology, biochemistry, molecular biology, and immunology have revealed a lot of new important findings on the cell behavior and metabolism of extracellular matrix molecules, and thereby have created new insight into how the tissue homeostasis is maintained and how aberrations in the homeostasis lead to disease.
Cell behavior, that is, the attachment, spreading, migration, growth, differentiation, and synthetic activity, is basically controlled by two kinds of factors in the organism. First, circulating molecules, such as hormones, growth factors, and cytokines, direct signals through cell receptors into cells to regulate cell behavior. Second, the extracellular matrix molecules onto which the cells are exposed exert a similar regulatory function. This matrix regulation of cell functions has become evident following the discovery and purification of the major matrix and cell adhesion molecules. The behavior of isolated cells has been found to be dependent on the type of molecules on which they have been cultured (Figure 2 ). Further, specific receptors have been identified on cell surfaces that direct the cell-matrix interactions and thereby the whole structure and metabolism of tissues.
The objective of this review is to describe some of the new findings on matrix molecules and the cell-matrix relationship, and to discuss how this knowledge helps us to understand the basic mechanisms underlying periodontal health and disease. Because of the diversity of the topic and the vast amount of literature published, some areas were omitted or covered only superficially. Also, we were unable to include many of the primary references. In many instances we have instead cited the pertinent review articles.
II. CHANGING CONCEPTS OF CELLS AND THE EXTRACELLULAR MATRIX
It used to be customary to describe the extracellular matrix as having three components: collagen, responsible for the strength of the tissue; elastin, providing the elasticity; and ground substance, conferring both the viscoelasticity and filtration function of the tissue. Collagen, which was believed to be produced exclusively by connective tissue cells, was regarded as an inert structural protein. That view has turned out to be an oversimplification. We know now that the matrix of each tissue is made up of a unique combination of several types of collagens, elastin, proteoglycans, glycosaminoglycans, and glycoproteins. Collagens are usually the main organic constituents of the connective tissue matrix, while proteoglycans and hyaluronic acid are the primary intercellular material of the epithelium. Elastin is a component of many connective tissues, especially those of large arteries, lungs, and certain specialized ligaments, where significant pliability is required. Basement membranes are specialized types of extracellular matrices laid down by epithelial cells and endothelial cells. They are composed of a complex and tissue-spe-cific mixture of glycoproteins and proteoglycans, usually organized into the two layers of basement membrane, lamina lucida, and lamina densa6 ( Figure 3 ). Basement membranes are always found between epithelium and connective tissue, where they act as a selective barrier, restricting the passage of cells and molecules between the two tissue compartrnents. Other functions of basement membranes include anchorage of the basal epithelial cells, morphogenesis, tissue differentiation, and regeneration.7 As discussed below, epithelial cells produce their own collagens that, along with other matrix molecules, serve a variety of functions, including the control of cell behavior, in addition to biomechanical contributions.
Another misconception in the past was that cells within the same group, e.g., fibroblasts and keratinocytes, all behave similarly regardless of their tissue location. It This group is composed of collagens with chains of a molecular weight of 95,000 or greater and an uninterrupted helical domain of approximately 300 nm. These collagens aggregate in the extracellular space to form large fibrils containing thousands of collagen molecules arranged regularly with respect to each other ( Figure 4 ). All the fibers composed of these collagens show a typical banding with 67 nm intervals under electron microscopy. The uninterrupted triple helix makes the molecule a long, relatively stiff rod, allowing the molecules to pack closely to each other in fibrils. The extensive system of covalent intermolecular cross-links that develops within the organized fibrils is the basis of the considerable tensile strength of these collagens. Type VI collagen is one of the "new" collagens exhibiting an unexpectedly wide distribution in most soft and mineralized connective tissues. Development of specific extraction and detection methods have revealed that type VI collagen is one of the major collagen types in many tissues including skin. The molecule has unusually large nonhelical ends comprising at least two thirds of the molecular size. The molecules can align in a specific manner to form filamentous structures ( Figure 4 ).35,36 There are numerous sequences in the molecule that have the potential to bind to cells. These include sequences homolgous to von Willebrand factor and some complement components. In addition, the molecule has 11 arginine-glycine-aspartic acid sequences that are known to be the general recognition sequence of integrin cell-surface receptors (see be- Type VII collagen has also been called the "long chain collagen," because the length of its triple-helical part is about 1.5 times that of the fibrillar collagens. The collagen molecules aggregate laterally and form the anchoring fibrils that are inserted into the hemidesmosomal plaques of subepithelium and connect the basement membranes to the underlying stoma39 ( Figure 3 ). In epidermolysis bullosa, a skin disease characterized by detachment of the epidermis from the dennis, a defect in the formation of the type VII collagen fibrils has been described. 26 Type XII collagen is another protein associated with type I collagen in several tissues, including periodontal ligament. The molecular structure of type XII collagen differs considerably, however, from type III and V collagens, which are also associated with type I collagen.4"4' In a proposed model, type XII has a triple-helical tail coaligning with type I collagen fibrils. The globular center part of the molecule serves as a hinge projecting the amino-terminal noncollagenous end out from the surface of the fibril. It has been speculated that type XII collagen, as well as type IX collagen in cartilage, would form cross-bridges between the major collagen fibrils and possibly mediate binding of other connective tissue components, such as proteoglycans. 42 C. Group 3 collagens: Types Vil, IX, X, XIII These types, also called as short-chain collagens, are composed of chains of less than 95,000 molecular weight. There are also several interruptions in the triple helix of these molecules. While types IX and X are found in cartilage, types VIII and XIII appear to be more pertinent to periodontal structures.
Type VIII was originally isolated in culture medium of endothelial cells.43 Later this type was identified in corneal basement membrane, perichondrium, periosteum, and in several carcinoma cells." It is of particular interest that type VIII collagen has been found to be located underneath the basal epithelial cells in a junctional epithelium model system.45 This collagen may be, therefore, a part of the epithelial attachment apparatus responsible for adhering gingiva to the tooth surface. The structure of the subepithelial matrix of the dento-gingival junction is not yet well known. It has been found, however, to contain laminin but not type IV collagen. '6 Using the in situ hybridization technique, Type XIII collagen has recently been found to be synthesized in epidermis, intestinal mucosa, periosteum, cartilage, muscle, and in cells forming the reticulin fibers of the bone marrow.47 '48 As is the case with most of the recently discovered collagen types, the studies conducted so far have utilized mostly molecular biological methods, and information about actual protein in tissues is still sketchy. In some tissues, type XIII seems to coexist with type III collagen and in other tissues with type IV collagen. It appears that both types VIII and XIII collagens may be important to the function of epithelium, and aberrations in the metabolism of them may, therefore, have relevance to the development of periodontal diseases.
IV. PROTEOGLYCANS WITH NEW NAMES AND FUNCTIONS
Proteoglycans are a large group of extracellular and cell surface macromolecules that function in regulating cell adhesion, growth, extracellular matrix formation, collagen fibril formation, and in the binding of growth factors.49-53 They are composed of a protein core in which serine-glycine sequences serve as attachment sites for one or more glycosaminoglycan chains. The variation of these glycosaminoglycan chains was, for a long time, the basis for the proteoglycan nomenclature. Three major proteoglycan families were named: dermatan sulfate proteoglycans containing dermatan sulfate; chondroitin sulfate proteoglycans containing chondroitin sulfate; and heparan sulfate proteoglycans containing heparan sulfate. The classification was artificial because it excluded molecules with more than one glycosaminoglycan type. The hybrid structure seems now to be a common feature of the proteoglycans. For instance, heparan sulfate and chondroitin sulfate chains have been found to be attached to the same core protein in a cell surface proteoglycan, syndecan.S4 Because more is now known about structure, localization, and function of many proteoglycans, a new nomenclature has been introduced. The amino acid sequences of their core proteins is now known in many cases from cloning the corresponding cDNAs. This part of the review is focused on clarifying these new names and discussing their known and proposed functions. Only the main soft connective tissue proteoglycan types are presented. More details regarding the structure and functions of GAGs and proteoglycans are available in recent reviews.
A. Decorin, Biglycan, and Versican
One of the first proteoglycans cloned was the small dermatan sulfate proteoglycan (also known as PGII), which was renamed decorin.i The name is based on the proteoglycans ability to bind to collagen that can be seen with an electron microscope as "decorations" on the collagen fibrils.5657 Decorin is found in many connective tissues, such as skin, tendon, gingiva, bone, and cartilage.58 Decorin contains only one dermatan sulfate chain with a variable size and extent of epimerization (Figure 6 named versican. It is a large proteoglycan having a core protein of over 300,000 molecular weight, to which about 12 glycosaminoglycan chains are attached ( Figure 6 ). In cultures of several cell types, versican has been detected in the extracellular matrix colocalized with fibronectin.90,9' It has been postulated to play an important role in facilitating the binding of cell surface glycoproteins to the extracellular matrix.S3 The hyaluronan binding region serves as a linkage for hyaluronan in the extracellular matrix. Versican could also play a role in fibroblast migration.92 Synthesis of versican-type large chondroitin sulfate proteoglycan is stimulated in endothelial cells after experimental wounding.93 It is also found associated with fibronectin-collagen fibers in fibroblast cultures. Moreover, chondroitin sulfate proteoglycans inhibit neural crest cell migration on fibronectin and collagen matrices. 93 The expression of versican is stimulated by TGF, 1, together with type I collagen, both in skin and gingival fibroblasts in vitro. 79 Fibromodulin is another chondroitin/dermatan sulfate proteoglycan expressed by cultured fibroblasts. 94 The primary structure of fibromodulin shows sequence homologies to both decorin and biglycan. Little is yet known of its function, except that it has a capacity to bind collagen, through which it may modulate collagen fiber formation in vivo. Fibromodulin expression has not yet been studied in periodontal fibroblasts.
B. Heparan Sulfate Proteoglycans and Syndecans
Cell-surface heparan sulfate proteoglycans (HSPGs) comprise a group of structurally related proteoglycans. Their proposed functions include the binding of extracellular matrix molecules, such as fibronectin and collagen, and growth factors, such as basic fibroblast growth factor.95-97 One group of homologous HSPGs, which are integral cell-membrane proteoglycans, was named syndecans.9899 A member of the syndecan family was first characterized from the cell surface of mouse mammary epithelial cells. Its core protein is about 53,000 molecular weight, and it carries both chondroitin and heparan sulfate chains (Figure 6) . The extracellular domain, so-called ectodomain, is easily released from the cells by proteolytic cleavage at a site close to the plasma membrane. This shedding is believed to participate in detaching cells from the matrix and thereby producing a matrix-integrated form of syndecan.'00 Recently, cDNA clones for both mouse and human syndecan were obtained.99 Human and murine forms are very similar; in fact, the cytoplasmic domains are identical. Syndecan contains a membrane-spanning domain and a cytoplasmic domain that shows colocalization with, and affinity to, actin microfilaments. The detailed mechanism by which syndecan is linked to the cytoskeleton is, however, not known.
Syndecan can bind several extracellular matrix components, different types of collagens, fibronectin, and tenascin, among others.'0' It has been postulated, therefore, to be one of the cellsurface matrix receptors ( Figure 7 ). Syndecan expression was first found to be restricted to the epithelium. During tooth development syndecan is, however, also expressed by the mesenchymal tissue.'02 It appears to bind tenascin, a newly discovered matrix protein, during certain developmental stages. Syndecan is localized at basolateral surfaces of cultured cells and subjacent to simple epithelia in vivo. 103 In epidermis many cell layers are stained with antisyndecan antibodies. This localization of syndecan in cell-cell contact areas suggests that syndecan could function both in cell-cell and cell-matrix interactions, similar to that suggested for 01 integrins. Recently a syndecan-like cell-surface proteoglycan of fibroblasts (48K5) Multiple forms of HSPGs that are structurally different from syndecans are found on fibroblast cell surface, extracellular matrix, and in the basement membranes. 108-113 Only a few of them have been cloned so far. A membrane-bound 64,000 molecular weight HSPG was recently cloned and shown to be different from syndecans."12 It is a nonhydrophobic proteoglycan that is bound to the membranes via a phospholipid tail. This proteoglycan, called glypican, is shed from the cell membrane by the action of phospholipases. This shedding could play a similar role to that suggested for syndecan in detaching cells from the matrix and incorporating this proteoglycan into the matrix. Several studies have indicated that cell-surface HSPGs bind to fibronectin and play a role in close contact formation in the cell substrate interface."10 They may also participate in the organization of the cytoskeleton. 113 Together with integrins (see below), cell surface HSPG function in matrix binding in a collaborative way that is not yet completely understood. Why fibroblasts need multiple forms of HSPGs on the cell surface is another complex question.
Fibroblasts also secrete a very large HSPG with a core protein of about 400,000 molecular weight into the extracellular matrix."I0 This proteoglycan is very similar to the basement-membrane low-density HSPG, also known as perlecan.50'51 Core protein fibroblast HSPG has a specific binding site for fibronectin. This binding is proposed to anchor the proteoglycan into the extracellular matrix. In addition to the function in cell adhesion and matrix binding, HSPGs regulate cellular growth, lipid metabolism, and basement membrane functions. 95 The basement membrane HSPG, perlecan, was recently cloned.' "4 Its core protein is synthesized as a 400 kDa precursor with 3 or 4 heparan sulfate chains. The name perlecan characterizes the core protein, which contains several globular domains forming a pearl-chain-like structure ( Figure 6 ). Perlecan is sensitive to proteolysis, which creates a small form of HSPG that may be the same as the highdensity HSPG previously isolated from basement membranes. Perlecan also binds to laminin, which may be an important property in terms of basement membrane structure. Perlecan, as other HSPGs, can bind basic fibroblast growth factor, which is found to be concentrated in the basement membranes.115 During tissue injury, growth factors could be released from HSPG by proteolytic cleavage and direct the events of inflammation and tissue repair.
In addition to perlecan, a large chondroitin sulfate proteoglycan was recently found in basement membranes."16 Its function is not known but evidently it is also a part of some basement membrane stuctures.
C. CD44
An interesting new member to the proteoglycan superfamily is CD44.97 It is included in this review because it was recently found on fibroblast cell surfaces. Originally CD44 was known as lymphocyte homing receptor or Hermes antigen."17-"9 Recently, it was shown to be similar to the extracellular matrix receptor III (ECM III), which was originally isolated from fibroblast cell surface and proposed to have functions in linking cells to the extracellular matrix. In fibroblasts, it has two forms, with the core proteins of 80,000 and 200,000. The larger form has been found to contain chondroitin sulfate chains. In epithelial cells CD44 has a core protein of 150,000. Similar to syndecans, CD44 is an integral membrane glycoprotein with an intracellular, a transmembrane, and an extracellular domain. The cytoplasmic domain colocalizes with actin microfilaments. CD44 can bind fibronectin, laminin, and collagen. It may also be a receptor for hyaluronan.'20 It is expressed in epidermis where the distribution of CD44 and hyaluronan is similar, suggesting the possibility of a receptorligand pair'21 (S. Jalkanen, personal communication). In gingiva hyaluronan is distributed, similarly to epidermis, adjacent to the epithelial cell surface.'22 CD44 is apparently another multifunctional receptor, being able to participate both in cell-cell and cell-matrix interactions in a way similar to syndecan and 131 integrins.
In summary, proteoglycans are now known to have many more functions than were previously thought. Many seem to be involved in cell-cell or cell-matrix interaction. The binding of growth factors is another exciting new feature of proteoglycans. Rapid progress in cloning can soon be expected to reveal more information about the structure and function of different proteoglycan families. These data will provide us with a foundation and tools for applicative studies on the role of proteoglycans in periodontal tissues.
V. MEMBERS OF FIBRONECTIN AND LAMININ FAMILIES ARE MAJOR ADHESIVE GLYCOPROTEINS OF EXTRACELLULAR MATRIX
In the early 1970s a high-molecular-weight glycoprotein was discovered in plasma and in the surfaces of cultured cells. 123-125 Since the molecule was found to bind tightly to collagen fibers, it was termedfibronectin (necetere = to bind). 126 During the last 20 years a vast amount of literature has accumulated describing the properties of fibronectin and related proteins. According to present knowledge, all tissues have glycoproteins, the major function of which is to bind cells to the other extracellular elements. In most connective tissues the primary adhesion molecule is fibronectin. In the basement membranes laminin serves the same function. Other similar molecules include vitronectin of plasma, chondronectin of cartilage, osteonectin (SPARC) of bone and other tissues, and tenascin, which is abundant in tissues during organ development but is found only in some connective tissues in adults. As a common feature, all these molecules have a modular structure, each part having a structure that specifically binds other tissue elements, i.e., cells, collagen, proteoglycans, fibrin, etc. (Figure 8 ). The multiple binding capacity is the basis of the multifunctional properties of these molecules. There are excellent reviews on the structure, tissue localization, and function of adhesion molecules. 627436 We focus here on some aspects of fibronectins and laminins, the best known adhesion molecules, as they relate to periodontal tissues.
A. Fibronectins
Fibronectins are composed of two polypeptide subunits of 220,000 molecular weight that are similar but not always identical. Fibronectin is produced by several cell types, including connective tissue cells, epithelial cells, and blood cells. In plasma it is present in a soluble form at a concentration of 0.3 mg/ml. In connective tissues fibronectin forms insoluble pericellular and intercellular networks. This protein is also present in most basement membrane structures, even though it has been regarded as an extrinsic component. In gingiva, fibronectin is located throughout the connective tissue in association with cells and collagen fibers, and in basement membranes subjacent to epithelium and blood vessels.'37 The duct cells of the minor salivary glands produce fibronectin. 138 Salivary fibronectin may also originate from plasma, since gingival crevicular fluid has been found to contain this protein. 137"139 In fluid from inflamed gingiva, fibronectin is degraded extensively. Even in fluid from healthy gingiva, fibronectin shows some fragmentation. 139 Fibronectin is sensitive to degradation by many proteases of both vertebrate and bacterial cell origin. In inflamed gingiva, fibronectin is also found in the pericellular area of plasma cells. '37 The small differences found in fibronectins in plasma, in adult connective tissues, and in developing tissues results primarily from two factors. Some of the differences, including the number of carbohydrate moieties attached to the polypeptides, are due to posttranslational modifications. The other reason for the various fibronectin types is alternative RNA splicing. Even though all fibronectins are encoded by a single large gene, the primary RNA transcript may result in the formation of differently spliced mRNAs and, consequently, distinct proteins. It is possible that more than 12 different fibronectins exist in mammalian tissues. '0 Because some sequences of the fibronectin polypeptides are susceptible to proteolytic cleavage by proteases such as trypsin, elastase, and plasmin, it has been possible to dissect the molecule into different parts and to identify its specific binding sites.128,129.13",Il, 50, 152 As shown in Figure 8 , each of the fibronectin polypeptides is composed of 5 Laminin is composed of three polypeptide chains: A-chain (the middle part of the molecule), Bi -chain, and B2-chain (the lateral parts of the molecule), which are arranged to a cruciform tertiary structure. Some of the globular regions (shaded areas) are known to be involved in the specific interaction with tissue components. The rod-like segments in the arms of the cross contain cysteine-rich, epidermal growth factor-like sequences.
tional domains and therefore be more specialized for a given tissue function. '40,"47 Fibronectins have been implicated as a key regulatory molecule of various biological activities. Attachment, spreading, and migration of many cell types are promoted in vitro by fibronectin ( Figure 2) . In cell cultures the fibronectin fibrils have been found to be parallel to the long axis of the leading lamellae of the migrating fibroblasts.'4' Also, moving epithelial cells leave behind fibronectin-containing material'69 ( Figure  9 ). It has been postulated that, in tissues, fibronectin forms tracks along which the cells migrate. 145"157 Through binding to collagen and proteoglycans and, on the other hand, to cells, fibronectin is believed to mediate cell-matrix interactions'127-'29"133,134,145 (see Figure 7) .
Besides these functions, fibronectin probably has an important role in the proliferation and synthetic activity of cells. The interaction of fibronectin and cell membrane receptors (see next section and Figure 7) is not only the basis of the control of cell shape, but may also direct information to the cell nucleus, and thereby regulate the gene expression and secretion of molecules.'42"143 Details of the actual mechanism behind this phenomenon are not yet understood.
Fibronectin has still other functions related to the defense and repair functions of the body. Through binding to fibrin and platelets, fibronectin participates in hemostasis and thromboSiS. I","145 Fibronectin also binds to some complement components and DNA, and thereby participates in chemotaxis, opsonization, facilitated phagocytosis, and clearance of tissue debris. '"'6 A specific fibronectin isoform is produced by T cells. This fibronectin, which is associated with delayed hypersensitivity, acts as an effective lymphokine that appears to enhance the influx of monocytes and neutrophils, and to retain macrophages at tissue sites of T-cell activation. 147 Of particular interest with respect to periodontal diseases is the fact that certain bacteria bind to fibronectin. Those studied so far include some species of Staphylococcus, Streptococcus, Bacteroides, and Treponema'48 152 ( Figure 9 ). This binding, again, may serve for the opsonization of the bacteria. On the other hand, bacteria may utilize this property in their attachment and tissue invasion. 150 (Figure 8 ). Similar to fibronectins, laminins consist of functional domains having affinity to cells and extracellular matix molecules.'27'"33 Laminin exists also in different isofonns that differ between various species, tissues, and developmental stages of the organism.163 Two new members of the family, merosinI64 and S-laminin, 165 have been described recently. Laminin is a major component of basement membranes, where it forms a dense network with type IV collagen, nidogen, proteoglycans, and other molecules.6 7'127-'33"6 As a consequence, laminin is an important regulatory molecule of attachment, proliferation, and other functions of epithelial cells and endothelial cells. Interestingly, similarly to the core protein of versican, laminin polypeptides contain epidermal growth factor-like sequences. 167 It has been speculated that during certain stages of tissue development or repair, laminin, either in soluble or matrix-bound form, could act as a growth factor, promoting the growth of some cells in a controlled, localized way.
The regulatory effects of laminin on the behavior of different cell types is still unclear. It seems that laminin may increase or decrease the motility of cells. For instance, spreading and migration of epithelial cells of skin and periodontal ligament (epithelial cell rests of Malassez) have been found to be inhibited by laminin in vitro68169 (Figure 2 ). On the other hand, laminin has been reported to act as a chemoattractant for gingival epithelial cells.29 It may be that, while fibronectin promotes migration of epithelial cells, laminin of the basal lamina tends to anchor the cells in place and to direct them to assume basal cell-like characteristics. Dissociation of the basal epithelial cells from the basal lamina appears to be a signal for more aggressive behavior involving rapid growth and secretion of matrix metalloproteinases.I70 This may be a mechanism by which junctional epithelial cells participate in the destruction of gingival connective tissue and formation of periodontal pocket. Also pertinent to periodontal diseases, several bacterial species have been found to bind to laminin in a specific manner. 148, 149, 151, 171 This may be an important virulence determinant of some oral microorganisms, including Treponema denticola, and could be related to their invasiveness.'50
C. Adhesion Molecules of Root Cementum
Cementum has been found to contain several substances that enhance the attachment, migration, and growth of cultured periodontal fibroblasts. 1724174 Obviously, collagen is one of them. By exposing the collagen fibers to citric acid demineralization of the root, the attachment of fibroblasts is enhanced. [175] [176] [177] [178] The acid treatment also appears to affect the direction of epithelial migration on the root surface. 179 The in vitro attachment of periodontal ligament fibroblasts and endothelial cells is further enhanced if the demineralized surfaces are conditioned with fibronectin or certain growth factors. 130 What the noncollagenous attachment molecules in root cementum in vivo are has not yet been clarified. The cell-binding site of at least some of these substances appears to contain the arg-gly-aspsequence, common in many adhesion molecules'74 (see the next section). Further characterization of these molecules will reveal whether they are members of the known attachment glycoproteins or if they are found exclusively in cementum. Cells of periodontal ligament and cementum appear to possess some unique characteristics. '80"18' The connective tissue cells of periodontal ligament have an unusually high turnover rate, 182 and their phenotype resembles that of osteoblasts. 183 184 Clarification of the properties of periodontal ligament cells and cementoblasts, and their adhesion molecules, will eventually provide us with new tools for treatment aimed at promoting new periodontal connective tissue attachment.
VI. INTEGRINS MEDIATE CELL-MATRIX AND CELL-CELL INTERACTIONS A. General Properties of Integrins
Cell adhesion to the extracellular matrix is closely related to the growth, development, differentiation, and repair of the organism. Cell surface receptors are essential in mediating this adhesion. In the previous section we described two proteoglycans, syndecan and CD44, that are able to mediate cell-matrix and cell-cell interactions. Another important group of matrix receptors is composed of a family of cell membrane-anchored proteins termed integrins.'IU"85 '191 Integrins are heterodimeric cell surface glycoproteins assembled of an a subunit of 140,000 to 180,000 molecular weight and a a subunit of about 105,000 to 125,000 molecular weight. Integrins are divided into subfamilies according to the 13 subunits that are shared by different a subunits that provide specificity to each integrin. For instance, 13 integrins form a group of receptors for extracellular matrix binding. 131 polypeptide can be noncovalently linked with at least six different a polypeptides. These combinations give rise to the 131-integrin family, which is a major matrix-binding integrin group. Recently this division became more complicated when an a subunit (av) was found to be shared by as many as five different 13 subunits from various integrin subfamilies. 19' Integrins are cell membrane associated glycoproteins composed of a large extracellular domain, a small transmembrane domain, and an intracellular tail ( Figure 7A ). The cytoplasmic domain of the 13 subunit interacts with cytoskeletal components. It can directly bind to talin and a-actinin. 192 Vinculin and a new vinculin-binding protein, paxillin, are probably also involved in stabilizing the linkage of talin and ao-actinin to actin microfilaments ( Figure 7B ). 193" 194Based on these functionally important interactions, the amino acid sequence of the cytoplasmic domain of the 13 subunit has been well conserved during evolution.'95" 196Deletion of the cytoplasmic part of the 131 subunit does not block fibronectin binding of the extracellular domain, but it prevents localization of the receptors in focal contacts. 197"198 Another piece of evidence that proper functioning of the intracellular domain of the 131 subunit is needed for organization of a functional fibronectin network came from experiments in which amphibian embryos were microinjected with antibodies against the full-length cytoplasmic domain of 131 polypeptide. l99 Cells containing the antibodies failed to organize fibronectin network and caused defects in gastrulation. The 131 subunit has been found to be overexpressed in many cell lines, such as fibroblasts, whereas the expression of a subunits seems to be a rate-limiting step controlling the number of receptors on the cell surface.200 20' Both a and 13 chains are needed for a functional receptor.202 In some cells, e.g., keratinocytes and tumor cells, the intracellular pool of the chains appears to be missing. This is probably related to the fast turnover rate of the integrins in these cells.201"203'2 Several a and 13 subunits have already been cloned and their structures partially characterized.'9' The extracellular domains of integrins contain several cysteine residues that are important in folding the polypeptide into correct conformation. Alpha subunits contain several divalent cation binding sites. Ca2+ or Mg2I have been found to be required for the binding of integrins to their ligands.
B. Ligand Binding and Signal Transduction
The protein ligands to which the specific 13 integrins bind are presented in Table 2 . As can be seen, many of them can recognize several extracellular matrix components. One common amino acid sequence of the ligands that the 13 integrins recognize is arginine-glycine-aspartic acid (RGD).206207 The high-afflnity fibronectin receptor, a513l, and the vitronectin receptor, av,l, are good examples of the RGD-binding integrins.208-2'0 Interestingly, the multiligand a311 integrin that serves as a receptor for laminin, collagen, and fibronectin binding possess 125,13l,133,134,224 This cannot be explained simply by a decrease of fibronectin receptors on the cells. In some studies transformation does not seem to alter the amount of these integrins on the cell surface.20' Other studies have shown that transformed cells exhibit a selective increase in expression of some integrins (e.g., a6p 1), while expression of other integrins (e.g., avP3) is depressed.227'228 Also, in certain tumors the amounts of some receptors seem to be increased, and in others they are decreased.229 '230 The distribution of receptors on tumor cell surface may also be changed. In some cases integrins seem more diffusely distributed and their turnover is faster. This behavior may be associated with enhanced cell migration and invasiveness.
D. Distribution
The distribution of PI integrin receptors in tissues has been elucidated in a number of studies. Antibodies against the PIl-subunit show their presence in a variety of tissues, including epithelia, muscle, neuronal, and mesenchymal tissues.'9' The localization of different a-subunits is, however, more restricted. In vivo a3 was originally found to be present in certain epithelia only, although it was expressed by several different cell types in culture.231 Recently, a3 and a2 subunits were shown to be strongly expressed in the basal layer of human epidermis.229 The high-affimity fibronectin receptor a5Sl is expressed in very low amounts in adult human tissues. In integrins has been demonstrated in human gingiva.234235 In the basal layers of the epithelium, a2,l and a3Ol are located in the lateral cellcell contacts. Expression of P,1 integrins at basal surface is low, while that of a6P4 is high. Gingival connective tissue cells235 and periodontal ligament epithelial cells (cell rests of Malassez) '69 have also been found to express P1 integrins. It remains to be explored which are the receptors mediating attachment of junctional epithelial cells onto the tooth surface. This knowledge could be applied to the development of materials aimed at controlling the attachment and migration ofjunctional epithelium.
E. Integrins in Cell-Cell Interactions
Increasing data indicates that P1 integrins may also be involved in the maintenance of cellcell junctions. 169, 203, 236, 237 In fibroblasts, a3 is localized in cell-cell contact areas. This phenomenon is even more evident in cultured keratinocytes.203 Both a2P13 and a3Il receptors are found in cell-cell contacts, especially when the cells are cultured in high calcium conditions to promote the formation of adherence junctions203'237 (Figure 10 ). This finding is in accordance with the data of P1 integrin localization in stratified epithelia. Monoclonal antibodies against P1 polypeptides were found to dissociate clusters of culured keratinocytes and to disorganize intracellular actin microfilaments. Ligands involved in the binding of a2p11 and a3P1 in cell-cell contacts are not known. The matrix components, fibronectin, laminin, or type IV collagen are not localized in those areas. During various stages of keratinocyte spreading, migration, and aggregation, both these integrins seem to get relocalized on the cell surface and consequently to change their function from matrix binding to cell-cell adhesion. 169, 237 Fibronectin receptor (a5p1l) is expressed in low amounts, and it is not found to be concentrated in cell-cell contacts. Expression of this receptor may, however, be induced during wound healing. 160,238 It has been found that keratinocyte migration can be blocked with RGD peptides and antibodies against 0 l-integrins.1'9239
In conclusion, ,31 integrins function as the key regulators of cell adhesion and migration. They also control cell differentiation and mediate signal transduction. Clarification of these events is the main focus of present integrin research. From the oral biological viewpoint, it is most important to identify the receptors mediating epithelial cell attachment to tooth and to discover how integrins function in tooth development, tissue destruction, and repair. An interesting finding, related to periodontal diseases, is that some bacteria utilize integrins of the human cells in their tissue binding and invasion. '48,240,24 VIl. SUMMARY AND CONCLUSION The studies conducted during recent years have revealed a variety of new matrix molecules, including collagens, proteoglycans, and glycoproteins. At present, much more is known about the structure than the functions of these molecules. It has become evident, however, that they have a multitude of functions, not only related to tissue structure, but also in the regulation of cell behavior. It appears that the extracellular molecules secreted by the structural cells signal back information to the cells in order to maintain the homeostasis required for the proper structure and function of the tissue. In this cell-matrix interplay, two kinds of molecules have key parts. First, adhesion glycoproteins that are characteristic to each cell type mediate the attachment, migration, proliferation, and synthetic activity of the cells. Many of these molecules belong to the fibronectin and laminin families. Secondly, specific cell surface receptors regulate the attachment of cells to matrix molecules. Integrins are a major family of these receptors. In addition, certain proteoglycans appear to serve the same purpose. Both these receptor types have extracellular binding domains, specific to matrix molecules, and a cytoplasmic domain that binds to the cytoskeletal elements. Through complex interactions information is directed from extracellular matrix into the cells. The matrix thereby regulates, not only the structure, but also the functions, i.e., migration, proliferation, differentiation, and synthetic activity, of the cells. It has been found that expression of the matrix receptors varies between different cell types, and also in a single cell according to the stage of attachment, growth, and differentiation. The integrin expression also depends on the composition of the pericellular matrix.
In periodontal diseases several factors may interfere with the cell-matrix interaction ( Figure  1 1) . At initial stages of the disease process, bacterial enzymes and toxins may directly act on epithelial cells, resulting in degradation of cell 
